INTRODUCTION
============

Plants must protect the integrity of genomic DNA located in three distinct compartments (the nucleus, mitochondria and plastids) against deleterious DNA lesions such as DNA double-strand breaks (DSBs). Although nuclear DNA repair mechanisms have been the subject of intense studies ([@gkr740-B1],[@gkr740-B2]), very little is known about plant organelle DNA repair pathways ([@gkr740-B2; @gkr740-B3; @gkr740-B4]). These pathways must however be robust since both mitochondrion and plastid DNA are routinely exposed to high levels of DNA damaging reactive oxygen species resulting from the intense metabolic activity that takes place in these compartments ([@gkr740-B5],[@gkr740-B6]).

Until very recently, homologous recombination was the only mechanism proposed to be involved in the repair of DSBs in organelles. Indeed, early studies postulated the existence of a DNA recombination machinery ([@gkr740-B7],[@gkr740-B8]) based on biochemical evidences such as the presence of functional DNA recombinases in both plastid and mitochondria ([@gkr740-B9; @gkr740-B10; @gkr740-B11]), the detection of strand exchange activity in purified organelles ([@gkr740-B12],[@gkr740-B13]) and the monitoring of recombination events following DNA damage ([@gkr740-B14],[@gkr740-B15]). DNA repair through recombination is expected to be a very efficient process in both plant mitochondria and plastids as the genomes of these organelles are highly polyploid, thus providing intact DNA molecules that serve as templates for the repair of the damaged DNA ([@gkr740-B16]). Recently, we demonstrated that treatment of *Arabidopsis thaliana* plants with ciprofloxacin, a small molecule that produces DSBs specifically in organelles ([@gkr740-B17]), resulted in the formation of DNA rearrangements in both mitochondria and plastids ([@gkr740-B15]). These DNA rearrangements showed microhomology at their breakpoint junctions, suggesting they are the result of DNA repair through a microhomology-mediated break-induced replication (MMBIR) pathway ([@gkr740-B15]), which is also active in bacteria, yeast and humans ([@gkr740-B18]).

Although most factors involved in the MMBIR pathway have yet to be identified, we recently demonstrated that Whirly proteins protect against MMBIR events in both chloroplasts and mitochondria ([@gkr740-B15]). Whirlies constitute a small family of single-stranded DNA-binding proteins (SSB) that are mainly found in plants ([@gkr740-B19]). They assemble into tetramers resembling whirligigs ([@gkr740-B20]) and perform numerous cellular functions in both nucleus and organelles. Indeed, they were first discovered as transcriptional activators binding the elicitor response element of pathogenesis-related genes in the nucleus of both potato (*Solanum tuberosum*) and *Arabidopsis* ([@gkr740-B21],[@gkr740-B22]). In *Arabidopsis*, they are also known to bind to telomeres ([@gkr740-B23]) as well as to a distal element upstream of a kinesin gene ([@gkr740-B24]). In maize (*Zea mays*) chloroplasts, WHY1 was shown to bind to both DNA and RNA with a role in intron splicing ([@gkr740-B25]). In barley (*Hordeum vulgare*) chloroplasts, WHY1 is also associated with intron-containing RNA ([@gkr740-B26]). These studies therefore suggest that Whirly proteins might have different functions depending at least in part on intra-cellular localization and developmental stage ([@gkr740-B15],[@gkr740-B26]).

All plants examined to date possess at least two nuclear genes coding for Whirly proteins. The products of these genes are directed to the mitochondria and plastids, respectively ([@gkr740-B27]). It is not yet known how the Whirly proteins could then move from the organelles to the nucleus ([@gkr740-B28]). In *Arabidopsis*, where there are three genes coding for Whirly proteins, WHY1 and WHY3 are directed to the chloroplasts whereas WHY2 is directed to the mitochondria. In absence of both WHY1 and WHY3, DNA rearrangements mediated by microhomologies occur spontaneously in the chloroplasts and often correlate to the development of white--yellow variegated leaves ([@gkr740-B29]). Induction of DSBs by treatment with the gyrase inhibitor ciprofloxacin leads to a further increase in microhomology-mediated DNA rearrangements in the chloroplasts of *why1 why3* mutant plants that lack both *WHY1* and *WHY3* genes ([@gkr740-B15]). Contrasting with the situation in *why1 why3* plants, the inactivation of *WHY2* does not result in any visible or molecular phenotype in absence of DNA stress ([@gkr740-B30]). Upon induction of DSBs, however, plants lacking WHY2 accumulate microhomology-mediated mitochondrial DNA rearrangements more readily than wild-type *Arabidopsis* plants ([@gkr740-B15]). The different behavior between *why2* and *why1 why3* plants could be due to the partial functional redundancy provided by other SSBs present in plant mitochondria ([@gkr740-B15],[@gkr740-B31]). Whirly proteins are believed to modulate the MMBIR pathway either by binding the resected DNA that forms during processing of DSBs, thus favoring error-free repair through homologous recombination ([@gkr740-B15]), or by binding ssDNA from all over the genome ([@gkr740-B25],[@gkr740-B29],[@gkr740-B30]) and thus preventing spurious annealing of DNA through microhomologous sequences ([@gkr740-B15]).

In contrast to most SSBs that use an OB fold as their main ssDNA-binding platform ([@gkr740-B32]), Whirly proteins use a Whirly domain ([@gkr740-B19],[@gkr740-B20]). This domain is typically composed of two four-stranded β and two α helices. These helices constitute the core of the protein against which stacks the β-sheets in a whirligig-like manner ([@gkr740-B20]). Determination of the atomic structure of the potato Whirly protein WHY2 in complex with different ssDNA molecules shed light on the mechanism of DNA binding ([@gkr740-B15]). WHY2 binds ssDNA by establishing hydrogen bonds with the phosphate moiety of the ssDNA and by stacking nucleobases in between the β-sheets of adjacent subunits. This enables binding of ssDNA with high affinity and little sequence specificity as the bases are not brought in close contact with the protein surface. SSBs can bind DNA with various degrees of cooperativity ([@gkr740-B33],[@gkr740-B34]). For bacterial SSB, the cooperative binding to long ssDNA molecules is due to the formation of a protein filament ([@gkr740-B34],[@gkr740-B35]). In the case of Whirly proteins the formation of a superstructure upon binding long DNA molecules has not yet been investigated.

A KGKAAL sequence motif is a hallmark of Whirly proteins as it is highly conserved among plant Whirlies ([@gkr740-B19],[@gkr740-B20]). This motif is important for ssDNA binding as its replacement with an alternate sequence abolishes the interaction with ssDNA ([@gkr740-B20]). Rather than interacting directly with DNA, many residues within this motif seem important to maintain the stability of the β-sheet that contains numerous DNA-interacting residues. The role of the second lysine of the KGKAAL motif is however enigmatic. Indeed, in the crystal structure of the potato WHY1 protein (PDB 1L3A), the ε amino group of this conserved residue points in the general direction of the solvent in three out of four subunits and does not appear to contribute to the overall stability of the tetramer.

In this article, we show that WHY2, a *Solanum tuberosum* Whirly protein located in the mitochondria, binds long ssDNA in a cooperative manner through hexamerization of Whirly tetramers. This results in the formation of hollow protein shells of 12 nm diameter with 432 symmetry. We also highlight the unique contribution of the second lysine residue of the KGKAAL motif to the formation of 24-mers. Mutation of the equivalent lysine in At-WHY1 partially abolishes the complementation of the etiolated/variegated phenotype in *why1 why3 Arabidopsis* plants treated with ciprofloxacin, highlighting the functional importance of this residue *in planta*.

MATERIALS AND METHODS
=====================

Preparation of WHY2 and WHY2 K67A
---------------------------------

Details concerning cloning, expression and purification of WHY2 are reported elsewhere ([@gkr740-B36]). The K67A mutant of WHY2 was generated using the method developed by Zheng ([@gkr740-B37]). The mutation was confirmed by DNA sequencing. Expression and purification were performed as for the non-mutated protein.

Data collection and structure determination
-------------------------------------------

WHY2 K67A in the free form (forms I and II; 20 mg/ml) was crystallized by the hanging drop vapor diffusion method using a precipitant solution containing 100 mM MOPS pH 7.0, 18--24 % (*w*/*v*) PEG1000 and 100 mM NH~4~H~2~PO~4~. The WHY2 K67A-dT~32~ (10 mg/ml) complex was crystallized by the hanging drop vapor diffusion method using a precipitant solution containing 100 mM Tris--HCl pH 8.0, 15 % (w/v) PEG6000 and 1.2 M LiCl. Diffraction data were collected using an ADSC Quantum 315 detector at beamline X29 at the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory (BNL, USA) or using a Rayonix MX300 detector at beamline 08ID-1 at the Canadian Light Source (CLS). Initial phases for WHY2 in the free form and the WHY2 K67A--dT~32~ complex were obtained by molecular replacement using WHY2 (PDB 3N1H) and WHY2-dT~32~ (PDB 3N1I) as search templates. Phases were improved by iterative cycles of model building with Coot ([@gkr740-B38]) and refinement with CNS ([@gkr740-B39],[@gkr740-B40]) and Phenix ([@gkr740-B41]). Clear density was visible for protein residues 55--215 except for WHY2 K67A in the free form II. In this structure, clear density was visible for residues 54--141 and for residues 150--214. The residues 142--149 were omitted as they are disordered. Test data sets were randomly selected from the observed reflections prior to refinement. The figures were prepared with PyMOL ([@gkr740-B42]).

Electrophoretic mobility shift assays
-------------------------------------

The apparent dissociation constant for WHY2 K67A proteins bound to DNA was determined by EMSA as described previously ([@gkr740-B15]). The autoradiograms were scanned and the intensity of the bands corresponding to bound and free radiolabeled ssDNA was quantified using ImageJ (NIH, <http://rsb.info.nih.gov/ij/>). The data was plotted and analyzed using Prism 5 Demo (GraphPad Software). The apparent dissociation constants were calculated by fitting the plot of the fraction of ssDNA bound versus protein concentration to the Hill equation.

Agarose-based electrophoretic mobility shift assays
---------------------------------------------------

Binding reactions including 600 ng of M13mp18 ssDNA (USB) and the serially diluted WHY2 or WHY2 K67A protein were incubated for 20 min at 20°C in a buffer containing 20 mM Tris--HCl pH 8.0 and 20 mM NaCl. Reactions were run on a 0.7 % (w/v) agarose gel with 40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0 and 0.005 % (v/v) ethidium bromide at 20°C under 80 V constant voltage for 1 h. DNA and protein--DNA complexes were visualized by UV transillumination.

Atomic force microscopy
-----------------------

Atomic force microscopy (AFM) was performed in tapping mode in air using a JEOL JSPM-5200 microscope. Topographic and phase images of 512 × 512 pixels with a scan size of 1.5 × 1.5 µm were simultaneously acquired at a scan frequency of 1--1.5 Hz. Topographic images were used for height-measurement whereas phase images were used to identify features on the sample surface that were not easily distinguished by height ([@gkr740-B43]). Raw AFM images were processed using a JEOL software package (WinSPM DPS software, JEOL Ltd.) and the Gwyddion software (Czech Metrology Institute, <http://gwyddion.net/>).

Imaging of the protein--DNA complexes was performed as described ([@gkr740-B44]) using a 5-µl droplet of a solution containing 1 µg ml^−1^ WHY2 or WHY2 K67A, 20 mM Tris--HCl pH 8.0, 20 mM NaCl and 50 µM spermidine. Imaging of the free protein was performed using a 5-µl droplet of a solution containing 1 µg ml^−1^ WHY2, 20 mM Tris--HCl pH 8.0, 20 mM NaCl and 100 µM NiCl~2~. All samples were deposited onto the surface of freshly cleaved mica for 1 min. The surface was then rinsed with a 0.02% uranyl acetate solution. The samples were then rapidly rinsed with pure water (Millipore) to obtain a clean surface after drying under a stream of nitrogen.

Plant material and growth conditions
------------------------------------

The *why1 why3* mutant line was described previously ([@gkr740-B15],[@gkr740-B29]). To complement *why1 why3*, the entire coding sequence of WHY1, or its K91A mutant, was amplified by RT-PCR using total RNA from *A. thaliana* ecotype Col-0 and cloned into the pGreen vector containing the BAR casette and under the control of the 35S CaMV promoter ([@gkr740-B45]). These constructs were individually cotransformed with the pSOUP vector into a GV3101 pMP90 *Agrobacterium tumefaciens* strain. *Arabidopsis why1 why3* plants were then transformed by the floral dip method as described ([@gkr740-B46]). Seeds were harvested, planted on soil and screened for BASTA resistance. Two independent homozygous lines were obtained for each construct. The *why1 why3* \#1 and the *why1 why3* \#2 lines were derived from *why1 why3* 35S:WHY1 \#1 and *why1 why3* 35S:WHY1 \#2 following segregation of the transgene. For the complementation analysis, sterilized seeds of Col-0 (wild type), *why1 why3* and complemented lines were grown for 10 days on Murashige and Skoog basal medium (Sigma-Aldrich) containing 0.125 µM ciprofloxacin. One-way ANOVA and Tukey\'s HSD test were used for multiple phenotype comparisons. Plants were analyzed by protein gel blot and eletrophoretic mobility shift assay as described previously ([@gkr740-B29]).

RESULTS
=======

WHY2 assembles into hexamers of tetramers in the crystals
---------------------------------------------------------

Analysis by the Protein Interfaces, Surfaces and Assemblies (PISA) service ([@gkr740-B47]) indicates that, in all the WHY2 crystal structures, WHY2 tetramers further assemble into stable hexamers of tetramers, or 24-mers. K67, the second lysine of the KGKAAL sequence motif, contributes to the formation of this assembly as it forms a hydrogen bond with the backbone carbonyl of the F138 residue of a symmetry-related tetramer in the crystal structure of the potato WHY2 protein (PDB 3N1H) or a hydrogen bond with the edge of a nucleobase of a symmetry-related tetramer in the crystal structures of three different WHY2--DNA complexes (PDB 3N1I, 3N1J, 3N1K, 3N1L).

The 24-mers form roughly spherical protein shells with 432 symmetry ([Figure 1](#gkr740-F1){ref-type="fig"}A and [1](#gkr740-F1){ref-type="fig"}B) that measure 12 nm of diameter, have a 5 nm diameter hollow core, and have both their N- and C-termini projecting outward from the sphere. Each protein shell has six 0.8 nm-wide pores that coincide with the 4-fold axes. These pores allow access to an electropositive inner cavity ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1)). Adjacent 24-mers interact with each other through their β-strands. In DNA-bound WHY2 complexes, binding of ssDNA takes place on the external surface of the spheres ([Figure 1](#gkr740-F1){ref-type="fig"}C). Figure 1.Critical role of K67 in the assembly of tetramers into 24-mers. (**A**) Left, surface representation of the 24-mer assembly, obtained by applying crystallographic symmetry along the 4- 3- and 2-fold axes, in the free form structure of WHY2 (PDB 3N1H). Individual tetramers are colored in different colors. Right, interaction between K67 and the backbone of F138 in the same structure. Protein residues are in stick representation. Hydrogen bonds are represented as black dashes. Top left, schematic of the 24 subunits drawn as spheres. (**B**) Left, surface representation of the 24-mer assembly in the WHY2-ERE~32~ complex structure (PDB 3N1I). The nucleotides are in stick representation. Right, interaction between K67 and T3 in the same structure. The presentation and orientation is similar as in (A). (**C**) Top, overall view of two adjacent 24-mers in the crystal of WHY2-ERE~32~. The hexamers, depicted in surface representation are colored in green and yellow. Bottom, interface between two 24-mers showing the close vicinity of DNA fragments. DNA molecules are in stick representation. The black dash lines illustrate the two possible routes for the DNA. Top left, schematic of the two 24-mers with individual subunits drawn as spheres.

We previously hypothesized that long ssDNA molecules could travel from one binding site to another within a single tetramer ([@gkr740-B15]). Indeed, although WHY2 was crystallized with a 32 nucleotide long ssDNA molecules, each protein protomer only binds a nine nucleotide long fragment ([@gkr740-B15]). Interestingly, the 5′- and 3′-ends of DNA fragments bound by adjacent 24-mers are separated by only 1.9 nm ([Figure 1](#gkr740-F1){ref-type="fig"}C). Three nucleotides can easily span this distance considering an average of 0.6 nm between phosphorus atoms of neighboring nucleotides. Our present observation that DNA ends are located in close proximity between adjacent 24-mers thus raises the possibility that two pathways exist for the ssDNA in the crystals: one that goes to the adjacent protomer of the same tetramer and one that goes to an adjacent 24-mer ([Figure 1](#gkr740-F1){ref-type="fig"}C).

WHY2 assembles into hexamers of tetramers *in vitro* upon binding long DNA
--------------------------------------------------------------------------

To verify whether WHY2 assembles into 24-mers *in vitro*, we observed unbound and dT~32~-bound WHY2 proteins using AFM, a technique that allows estimation of the oligomeric state of particles through measurement of their heights. For WHY2 in the free form or in complex with a dT~32~ oligonucleotide, only scattered particles with an average height of 3--5 nm were detected by AFM ([Figure 2](#gkr740-F2){ref-type="fig"}A and [2](#gkr740-F2){ref-type="fig"}B). These particles are likely tetramers lying flat on the mica surface, consistent with a height of 4 nm for the WHY2 tetramer in the crystals and with the results of size-exclusion chromatography showing that WHY2 and WHY2-dT~32~ complexes mainly exist as tetramers ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1)). This indicates that, *in vitro*, WHY2 does not form 24-mers constitutively or upon binding small DNA molecules. In contrast, AFM revealed that complexes of WHY2 bound to M13mp18, a 7249 nucleotide long ssDNA molecule, existed as grouped particles ([Figure 2](#gkr740-F2){ref-type="fig"}C and [2](#gkr740-F2){ref-type="fig"}D). These particles exhibited a bimodal distribution with average heights of 6.0 and 10.4 nm. A height of 6.0 ± 1.7 nm is similar to the heights measured for WHY2 (5.1 ± 2.0 nm) and WHY2-dT~32~ (3.4 ± 1.4 nm) suggesting that these species could be DNA-bound tetramers while a height of 10.4 ± 1.9 nm is in agreement with that of the 24-mers observed in the crystal lattice of WHY2 (12 nm). This suggests that 24-mers of WHY2 may form *in vitro* either at very high local concentration (the concentration of Whirly proteins reaches 35 mM in the crystals) or upon binding long single-stranded DNA molecules. Figure 2.Whirly proteins form 24-mers *in vitro* upon binding long ssDNA molecules. (**A**) Topographic imaging of WHY2 in the free form on a mica surface obtained by AFM (left) and height measurement of the particles (right). Particle heights of 5.1 ± 2.0 nm and 5.4 ± 1.2 nm were measured in two independent experiments. (**B**) Topographic imaging of WHY2--dT~32~ complexes on a mica surface obtained by AFM (left) and height measurement of the particles (right). Particle heights of 3.4 ± 1.4 nm and 3.2 ± 1.6 nm were measured in two independent experiments. (**C**) Topographic imaging of WHY2--M13mp18 complexes on a mica surface obtained by AFM (left) and height measurement of the particles (right). Particle heights of 6.0 ± 1.7 nm and 5.6 ± 1.8 nm (first population) and 10.4 ± 1.8 nm and 8.9 ± 0.7 nm (second population) were measured in two independent experiments. (**D**) Phase imaging of WHY2--M13mp18 complexes on a mica surface obtained by AFM (left) and zoom on WHY2--M13mp18 complexes (right). All acquisitions were performed in tapping mode in air.

K67 stabilizes the 24-mer assembly of WHY2
------------------------------------------

To assess the contribution of K67 to the stability of the 24-mers, we produced a K67A mutant of WHY2. This mutant assembles into tetramers both in the free form and upon binding of a dT~32~ oligonucleotide ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1)). Electrophoretic mobility shift assays (EMSA) experiments further reveal that this mutant binds dT~32~ with an apparent dissociation constant of 3.6 ± 0.5 nM ([Figure 3](#gkr740-F3){ref-type="fig"}A). This is similar to the value observed for the binding of the non-mutated protein to dT~32~ \[4.5 ± 0.9 nM; ([@gkr740-B15])\], thus suggesting that the K67A mutation does not affect the binding of individual tetramers to short ssDNA molecules. The binding of WHY2 K67A to M13mp18 ssDNA was then assessed by AFM ([Figure 3](#gkr740-F3){ref-type="fig"}B and C). As for WHY2-M13mp18, the complexes existed as grouped particles. However, the average height of the particles of the WHY2 K67A--M13mp18 complex (2.9 ± 1.4 nm) was much lower than for WHY2--M13mp18 (10.4 ± 1.9 nm) and was consistent with that of DNA-bound tetramers lying flat on the mica surface (predicted size of 4 nm). This suggests that WHY2 K67A does not assemble into 24-mers upon binding long DNA. Figure 3.A WHY2 K67A mutant does not assemble into 24-mers *in vitro*. (**A**) Representative EMSA results showing the binding of WHY2 K67A to (dT)~32~. Increasing amounts of WHY2 were incubated with the target oligonucleotide and the complexes resolved on a 10% (w/v) polyacrylamide gel. (**B**) Topographic imaging of WHY2 K67A--M13mp18 complexes on a mica surface obtained by AFM (left) and height measurement of the particles (right). Particle heights of 2.9 ± 1.4 nm and 2.6 ± 0.8 nm were measured in two independent experiments. (**C**) Phase imaging of WHY2--M13mp18 complexes on a mica surface obtained by AFM (left) and zoom on WHY2--M13mp18 complexes (right). All acquisitions were performed in tapping mode in air.

To ensure that the K67A mutation does not affect the overall structure of the protein, we solved the crystal structure of WHY2 K67A both in the free form ([Figure 4](#gkr740-F4){ref-type="fig"}A and [Table 1](#gkr740-T1){ref-type="table"}) and in complex with a dT~32~ oligonucleotide ([Figure 4](#gkr740-F4){ref-type="fig"}B and [Table 1](#gkr740-T1){ref-type="table"}). WHY2 K67A-dT~32~ only crystallized in the F432 space group whereas WHY2 K67A crystallized in two different space groups under the same chemical conditions: F432 (form I) and P42~1~2 (form II). The proteins in both space groups are structurally similar to the non-mutated protein ([Figure 4](#gkr740-F4){ref-type="fig"}A and [4](#gkr740-F4){ref-type="fig"}B), thereby confirming that the K67A mutation does not perturb the overall structure of the protein. A small rearrangement can however be observed in the loop consisting of residues 139--145 in the free form structure of WHY2 K67A (form I) as compared to the non-mutated protein ([Figure 4](#gkr740-F4){ref-type="fig"}A). In the absence of K67, this loop adopts a new conformation that enables it to interact with a symmetry-related tetramer. Interestingly, WHY2 K67A tetramers are arranged in 24-mers in both WHY2 K67A (form I) and WHY2 K67A-dT~32~ crystal lattices suggesting that the K67A mutation does not preclude the capacity of WHY2 K67A tetramers to assemble into 24-mers. Consistent with the EMSA results, the dT~32~-bound K67A mutant adopts the same conformation as the non-mutated protein ([Figure 4](#gkr740-F4){ref-type="fig"}B) with a root-mean square deviation (RMSD) of merely 0.2 Å for all aligned Cα, explaining why the binding to dT~32~ is not affected by this mutation. Figure 4.Structural comparison of the K67A variant with the non-mutated WHY2 protein. (**A**) Comparison of the two crystal forms of WHY2 K67A with the non-mutated protein. The RMSD for superimposing the crystal forms I and II of WHY2 K67A onto the non-mutated protein are 0.7Å and 1.1Å, respectively. (**B**) Comparison of the dT~32~-bound form of WHY2 K67A with the dT~32~-bound non-mutated protein. The RMSD for superimposing WHY2 K67A onto the non-mutated protein is 0.2Å. Table 1.Data collection and refinement statisticsProteinWHY2 K67A Free Form IWHY2 K67A Free Form IIWHY2 K67A--dT~32~Beamline/wavelengthCLS-08ID-1/0.98 ÅNSLS-X29/1.29 ÅNSLS-X29/1.08 ÅSpace groupF432P42~1~2F432Cell dimensions *a*, *b*, *c* (Å)168.37, 168.37, 168.3790.58, 90.58, 50.93166.47, 166.47, 166.47Resolution (Å)50--2.35 (2.48--2.35)50--1.78 (1.84--1.78)50--2.45 (2.54--2.45)Total reflections201 296258 074135 360Unique reflections9012204437685*R*~sym~ (%)5.9 (102.5)4.8 (31)6.7 (67)*I*/σ*I*31.0 (2.8)21.5 (2.6)24.5 (2.3)Completeness (%)100.0 (100.0)99.4 (95.3)99.6 (97.8)Multiplicity22.3 (18.6)12.6 (5.8)17.6 (7.0)Refinement statistics    Resolution (Å)50--2.3550--1.7850--2.45    Reflections (total/test)9012/54119650/9607469/586    *R*~work~/*R*~free~ (%)22.36/26.6419.21/21.5724.98/26.73Number of atoms    Protein126312201263    DNA/Phosphate1010180    Water4220939B-factors    Protein60.837.768.1    DNA/Phosphate69.049.075.4    Water60.149.866.2RMSDs    Bond lengths (Å)0.0050.0070.003    Bond angles (°)0.8941.0000.705Ramachandran[^a^](#gkr740-TF1){ref-type="table-fn"}    Favored (%)98.198.794.3    Outliers (%)000[^2][^3]

Cooperative binding of WHY2 upon binding long DNA molecules
-----------------------------------------------------------

The close proximity of the DNA ends in the crystal structure of WHY2--DNA complexes, along with the existence of interactions between adjacent 24-mers, suggest that WHY2 could bind ssDNA in a cooperative manner. To verify this hypothesis, we performed an agarose-based EMSA experiment that enable qualitative evaluation of the cooperative binding of proteins to long DNA molecules ([@gkr740-B48]). Increasing amounts of WHY2 were incubated with a fixed amount of M13mp18 ssDNA and the migration profile was analyzed on an agarose gel ([Figure 5](#gkr740-F5){ref-type="fig"}A). As the concentration of WHY2 was increased, DNA became trapped in a large protein--DNA complex that barely entered the gel ([Figure 5](#gkr740-F5){ref-type="fig"}A). This suggests that WHY2--ssDNA complexes form in an all-or-nothing manner characteristic of cooperative binding ([@gkr740-B48; @gkr740-B49; @gkr740-B50]). In contrast, agarose-based EMSA experiments show that the K67A mutation abrogates the cooperative binding of WHY2 to ssDNA, as complexes of decreasing mobility were formed when increasing amounts of WHY2 K67A were added to M13mp18 ([Figure 5](#gkr740-F5){ref-type="fig"}B). Globally, these results indicate that the K67A mutation can disrupt both the 24-mer assembly and the cooperative binding to long ssDNA. Figure 5.Cooperative binding of WHY2 upon binding long ssDNA molecules. (**A**) Black/white inverted image of an agarose-based EMSA showing cooperative binding of WHY2 to M13mp18. (**B**) Black/white inverted image of an agarose-based EMSA showing non-cooperative binding of WHY2 K67A to M13mp18. The DNA was incubated with increasing amount of WHY2 or WHY2 K67A and the complexes were resolved on a 0.7% (w/v) agarose gel containing ethidium bromide. DNA and protein--DNA complexes were visualized by UV transillumination. M represents the molecular weight markers. 'Bound' indicates the position of the protein--DNA complexes that barely entered the gel. 'Free' indicates the unbound DNA.

Analysis of the K91A mutation in *Arabidopsis*
----------------------------------------------

Several studies investigated the inclusion of Whirly proteins as part of DNA- or RNA-containing complexes ([@gkr740-B25],[@gkr740-B26],[@gkr740-B29],[@gkr740-B51]). Similarly to the results obtained in maize ([@gkr740-B25]), size exclusion chromatography reveals that, in extracts enriched in *Arabidopsis* chloroplasts, part of the WHY1/3 population is found in large complexes that contain DNA ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1)). We then sought to test the contribution of the lysine residue to the DNA-repair function of the Whirly proteins *in vivo*. Since the KGKAAL motif is conserved throughout the Whirly protein family, we took advantage of the *why1 why3* mutant plants that we previously isolated ([@gkr740-B29]). Indeed, the absence of Whirly proteins in the plastids of these plants makes them sensitive to low doses of ciprofloxacin, as they develop extensive variegation/etiolation whereas WT control is only marginally affected ([@gkr740-B15]). We therefore complemented the absence of whirlies by introducing either At-WHY1 or At-WHY1 K91A (the equivalent of K67A in St-WHY2) transgene into the mutant background. Consistent with our previous results, upon treatment with 0.125 µM ciprofloxacin, only 1% of WT plants developed variegated/etiolated leaves whereas, in the same conditions, 52 and 59% of two *why1 why3* lines tested developed variegation/etiolation ([Figure 6](#gkr740-F6){ref-type="fig"}A). Interestingly, two *why1 why3* lines complemented with *35S:WHY1* displayed partial rescue of the Whirly function with 18 and 10% of leaves showing variegation/etiolation. In contrast, the leaves of two *why1 why3* lines genetically transformed with *35S:WHY1 K91A* displayed 38 and 43% variegation/etiolation, respectively, which is more similar to the levels observed for the untransformed *why1 why3* lines ([Figure 6](#gkr740-F6){ref-type="fig"}A). Noteworthy, there are no significant differences (*P* \> 0.05) between the two independent lines obtained for each mutant (see [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1) for a complete statistical treatment of these data). There is however a significant difference (*P* \< 0.001) between the variegation/etiolation percentage observed for *35S:WHY1* and the *35S:WHY1 K91A* line thus underlining the critical role of K91 *in vivo*. The same tendencies were observed in a second independent experiment ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1)). [Figure 6](#gkr740-F6){ref-type="fig"}B demonstrates that the WHY1 protein accumulates to similar levels in *35S:WHY1* and *35S:WHY1* K91A lines, far above the endogenous level. [Figure 6](#gkr740-F6){ref-type="fig"}C indicates that the ssDNA-binding activity is also similar in *35S:WHY1* and *35S:WHY1* K91A lines and proportional to the protein level. Thus, consistent with our *in vitro* analyses of St-WHY2, no reduction in DNA-binding activity was observed upon K91A mutation. Globally, these results suggest that the K91A mutation does not destabilize or reduce the DNA-binding affinity of WHY1. Nevertheless, this mutation interferes with the biological function of Whirly proteins in DNA repair. Figure 6.WHY1 but not WHY1 K91A partially complements ciprofloxacin sensitivity in *why1 why3* background. (**A**) Histogram displaying the percentage of plants with etiolated/variegated first true leaves after 10 days of growth on MS medium supplemented with 0.125 µM ciprofloxacin. For each genotype, 5 plates containing 50 plants on average were obtained. Error bars represent the standard deviation of the etiolation/variegation percentage measured on the different plates. For this experiment, the entire sequence of *WHY1* or *WHY1 K91A* under the control of the cauliflower mosaic virus 35S promoter was introduced into *why1 why3* plants. Except for the WT control, two independent homozygous lines were used for each genotype. A complete statistical treatment of these data can be found in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr740/DC1). (**B**) The protein level of WHY1/3 was assessed in each line by protein gel blot. Whirly proteins were detected by using an anti-WHY1/3 antibody. A section of the blot stained with Ponceau red and encompassing RbcL, the large subunit of Rubisco, is presented below as a loading control. (**C**) The ssDNA-binding activity of Whirly proteins was monitored by electrophoretic mobility shift assay using crude plastid protein extracts isolated from plants of the indicated genotypes and a radiolabeled dT~32~ oligonucleotide. A section of an SDS--PAGE stained with Coomassie blue is presented below as an equilibration control.

DISCUSSION
==========

We previously demonstrated that Whirly proteins protect *Arabidopsis* organelle DNA against the detrimental effects of ciprofloxacin by preventing DSB repair by the error-prone MMBIR mechanism ([@gkr740-B15]). We now show that this function is compromised when the second lysine residue of the KGKAAL motif of At-WHY1 is mutated. Indeed, when we introduce an At-WHY1 transgene into the ciprofloxacin-sensitive *why1 why3* background, we are able to rescue, for the most part, the plant resistance to the antibiotic. The fact that we are not able to fully rescue the resistance to ciprofloxacin might be due to a difference in the timing of expression or in spatial localization of the protein as a consequence of the strong viral promoter that was used. It remains, however, that when we express the K91A mutated transgene into the mutant plants, we fail to rescue the resistance to the antibiotic. This is at first glance intriguing since this mutation does not affect WHY1 stability nor its binding affinity to short ssDNA oligonucleotides. However, the structural analysis of St-WHY2, an At-WHY1 paralogue, provides clues for understanding the possible function of this residue. Indeed, we established that the Whirly proteins are arranged in 24-mers in the crystals of WHY2 or WHY2--DNA complexes and that the second lysine residue of the KGKAAL motif contributes to the stabilization of this assembly. Furthermore, we confirmed that the 24-mer assembly, which forms *in vitro* upon binding long DNA sequences, is abolished when the K67 residue is mutated. Therefore, a possible role for this residue *in planta* could be to promote 24-mer assembly and cooperative binding to DNA. These could be general properties of plant Whirly proteins as both the Whirly fold and the second lysine residue of the KGKAAL motif are strongly conserved among plant Whirlies ([@gkr740-B19],[@gkr740-B20]).

AFM was used on several instances to monitor a change in the oligomeric state of proteins upon DNA binding. For example, AFM revealed that APOBEC3G, a human ssDNA cytosine deaminase that mainly exists as a monomer in solution, forms dimers upon ssDNA binding ([@gkr740-B52]). Whereas certain nucleoid-associated proteins maintain DNA in an accessible state by counter-acting DNA aggregation ([@gkr740-B53]), other proteins tend to aggregate upon DNA binding ([@gkr740-B54]). AFM indeed revealed that CbpA, a bacterial nucleoid-associated DNA-binding protein which in free form exists in a monomer--dimer equilibrium, forms large aggregates upon binding long double-stranded DNA molecules ([@gkr740-B55]). Likewise, DPS (DNA-protecting Protein during Starvation), another bacterial nucleoid-associated DNA-binding protein that constitutively forms dodecamers, also produces large aggregates upon binding long double-stranded DNA molecules ([@gkr740-B56]). The present study reveals that upon ssDNA binding, tetramers of WHY2 form superstructures whose size is consistent with that of the 24-mers observed in the crystal lattice. However, contrarily to other DNA-binding proteins monitored by AFM, WHY2 does not form large aggregates upon DNA binding. Still, the packed-beads appearance of WHY2--DNA complexes suggests that WHY2 binding induces DNA condensation. This packing could be mediated by protein--protein interactions in between adjacent 24-mers.

Similarly to plant Whirlies, bacterial SSB proteins bind ssDNA with high positive cooperativity through the formation of a higher-order protein assembly ([@gkr740-B35],[@gkr740-B57]). In *Escherichia coli*, the SSB protein can exist in two states, (SSB)~35~ and (SSB)~65~, that bind ssDNA with different degrees of cooperativity ([@gkr740-B58]). Studies have revealed that the high positive cooperativity state (SSB)~35~ is stabilized by the W54S mutation ([@gkr740-B59],[@gkr740-B60]). Interestingly, when the gene coding for this mutated protein is expressed in *E. coli*, cells exhibit slow growth and increased UV sensitivity ([@gkr740-B59]). The authors of this study concluded that DNA repair was more dependent on the poorly cooperative (SSB)~65~ state whereas the highly cooperative (SSB)~35~ state could be important for DNA replication ([@gkr740-B59]). Although our present results pinpoint a role in DNA repair for the positive cooperative binding of plant Whirly proteins to ssDNA, both of these studies stress the biological importance of the cooperative binding of ssDNA-binding proteins to DNA. Another similarity between plant Whirlies and SSB proteins is the dependence of both higher order protein assembly and cooperative DNA binding on positively charged residues. Indeed, for the SSB proteins from *E. coli* and *T. aquaticus*, the mutation of an arginine residue to alanine results in a lower protein assembly and in a decrease in the cooperative binding to DNA ([@gkr740-B61]). Overall, these studies outline additional similarities between plant Whirlies and SSB proteins although the mechanistic details differ between these two classes of proteins.

The 24-mer assembly of plant Whirly proteins closely resembles that of the *Homo sapiens*\'s ferritin ([@gkr740-B62]), that of the *Acidianus ambivalens*\'s sulfur oxygenase reductase ([@gkr740-B63]), that of the *Methanococcus jannaschii\'s* heat shock protein HSP16.5 ([@gkr740-B64]) and that of the *E. coli*\'s heat shock protein DegP ([@gkr740-B65]). In each case, the assembly of 24 protomers generates a hollow protein shell with 432 symmetry. The outer diameter of the shell varies from 12 nm for HSP16.5 to 19.5 nm for DegP. For all these nanostructures, pores or chimneys that lead to the interior of the sphere generally coincide with symmetry axes and Whirly proteins are no exception. A recent study on ferritin demonstrated that the mutation of single residues, termed oligomerization switch residues, is sufficient to abolish the formation of the spherical assembly ([@gkr740-B66]). Our data indicates that K67 could fulfill a similar role for WHY2.

The peculiar assembly of plant Whirly proteins into 24-mers could promote binding to both DNA and metabolites. Indeed, most of the proteins that form nanostructures with 432 symmetry also store compounds. Ferritin is known to store iron atoms ([@gkr740-B62],[@gkr740-B67]), the enzyme sulfur oxygenase reductase stores metabolites ([@gkr740-B63]) whereas the heat shock proteins HSP16.5 and DegP both store proteins ([@gkr740-B68],[@gkr740-B69]). One possibility would be that plant Whirly proteins bind and encapsulate harmful chemical compounds thereby protecting DNA against damage. In this regard, it is interesting that DPS, an homolog of ferritin that also forms a hollow protein shell, protects DNA from oxidative stress by binding DNA and by sequestering iron in its core ([@gkr740-B67]). It is also worth mentioning that ferredoxin:sulfite reductase, an enzyme that localizes to chloroplast nucleoids, also binds concomitantly DNA and sulfites ([@gkr740-B70]). It would therefore be possible that Whirly proteins protect DNA by sequestering harmful molecules.

In a recent report, Kwon *et al*. ([@gkr740-B71]) confirmed that DNA DSBs are repaired in *Arabidopsis* chloroplasts through a microhomology-mediated DNA repair pathway and brought mechanistic insights into the repair process. Of particular interest is the fact that a single DSB is repaired using microhomologies located more than 3 kb apart from each other. This suggests that during the repair process, very long stretches of ssDNA are unveiled before finding matching microhomologous DNA sequences. Through 24-mer assembly and positive cooperative binding, Whirly proteins could bind and protect these regions as well as the single-stranded regions which are abundantly present elsewhere in plant organelles genomes ([@gkr740-B72]). This would enable faithful repair of DNA and prevent MMBIR product accumulation. Thus, our new findings complement and extend the model we previously proposed ([@gkr740-B15]).

In conclusion, our data highlight a role of the second lysine of the KGKAAL motif of plant Whirly proteins in both the tolerance against DNA damages and higher order protein assembly. Further work is however required to determine precisely how the 24-mer assembly of plant Whirly proteins is involved in DNA repair. Also, it will be interesting to verify whether the 24-mer assembly of Whirly proteins is involved in metabolite binding and what is the functional consequence of this interaction.
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[^3]: ^a^MolProbity analysis ([@gkr740-B73]).
